DNA strand exchange is a vital biological process in homologous gene recombination, DNA replication and the repair of DNA damages[@b1]. The chromosomes are connected to one another through strand exchange during meiosis process[@b2]. Double-strand breaks in the replication of lesion-containing DNA are principally repaired through strand exchange reaction (SER)[@b3]. SER technologies have been applied in genetic diagnoses, such as single nucleotide polymorphism and gene-based physiological differences which response to human diseases[@b4]. In engineering filed, DNA SERs can be employed as an excellent principle in the designing of digital logical circuits. The strategy naturally incorporates biomolecules for large-scale circuitry, such as general debugging tools, parallel circuit preparation and a new abstraction hierarchy[@b5]. In the initial step of a strand exchange reaction, a single-stranded DNA (ssDNA) is recognized by its homologous double-stranded DNA (dsDNA). Then, a complementary strand is exchanged and paired with the ssDNA to form a heteroduplex product[@b3].

*In vitro*, most of the SERs are based on the Toehold Exchange strategy[@b6]. Toehold constructs mediate fast and reversible strand displacement and they could be used in single-base discrimination at a suitable temperature[@b7]. In toehold systems, the displaced DNA strands are different from the target strands, and newly formed hybrids tend to be more stable. However, the specificity of this strategy is compromised for long strands, except near the melting temperature[@b7]. DNA SERs can be stimulated by cationic comb-type copolymers through the formation of stable three-stranded intermediates[@b8]. Although this SER intermediate is accumulated as fast as 50000-folds at 37°C by the polymers and this protocol could be applied in genetic diagnoses, it shows little DNA sequence selectivity[@b4]. *In vivo* SERs are catalyzed by the RecA protein in *Escherichia coli* and Rad51 protein in eukaryotes[@b9][@b10]. Dmc1 and Rhp51, which belong to the RecA family, also show an efficient stimulation of SERs[@b11][@b12]. Proteins that mediate strand exchange possess an ATP-dependent activity, meaning that energy input is essential for SER. Recombinase-promoted SERs occur in a sequence-independent manner because the proteins can bind to ssDNA without selectivity, leading to the non-specificity of genetic recombination[@b13].

Another SER developed by Liu group employed the hidden toehold strategy showed an ATP responsive aspect. They constructed a DNA bulge-loop structure hidden among the duplex and this structure could be bound with ATP, leading to the structure alteration of the bulge-loop, which stimulated the strand exchange[@b14]. In this work, we presented an enzyme-free, physiological temperature strand exchange promoted by the conformational switching between duplexes and G-quadruplexes, and this SER indicated an equilibrium state since the displaced ssDNAs were identical to the homologous ssDNAs. Which meant the reaction was maintained equilibrium throughout the process because the reactant DNAs was the same to the product DNAs. No ATP was needed in this type of SER and the stability of DNAs was not changed. The strand exchange specifically occurred in the presence of *c-myc* sequence and its mutated type *mu-c-myc* sequence ([Figure 1A](#f1){ref-type="fig"}), which could form G-quadruplexes under the SER condition, while the random sequence with the same lengths were not exchanged ([Figure 1B](#f1){ref-type="fig"}).

The *c-myc* sequence used in this paper was located in the promoter regions of c*-MYC* oncogenes. Human c*-MYC* was the second proto-oncogene to be identified and encoded a basic transcription factor (*c-Myc* protein). Three *MYC* homologues including Burkitt\'s lymphoma (c-*MYC*), neuroblastoma (N-*MYC*) and small cell lung cancer (L-*MYC*) were activated in over half of human cancers, where they regulated critical pathways that contribute to tumorigenesis[@b15][@b16]. The *c-myc* gene affected diverse cellular processes involved in cell growth, cell proliferation, apoptosis and cellular metabolism[@b17]. *C-myc* and *mu-c-myc* were G-rich regions of chromosomes that maintained dynamic equilibrium between duplexes and G-quadruplexes in presence of the complementary strands, and these G-rich sequences were predominantly in duplex form since duplexes were more stable than G-quadruplexes[@b18][@b19]. This G-quadruplex-forming sequence could be folded into G-quadruplex both *in vivo* and *in vitro*, regulating up to 90% of total c-*MYC* transcription[@b20]. And this SER indicated a potential biological function of *c-myc*.

Results
=======

*C-myc* promoted SERs
---------------------

Two sets of DNA sequences, 24 bp, 48 bp, or 72 bp dsDNAs and 5′-Cy5-labeled 24 nt, 48 nt, 72 nt ssDNAs were employed in the *c-myc* promoted SERs. The ssDNAs were complementary to the strands containing *c-myc* and random sequences in the dsDNAs. One set had the *c-myc* sequence at the core region of the strands, while the other set had random sequence at the same position. The invading ssDNAs were Cy5 labeled, including the *c-myc* complementary sequences, *c-myc* sequences and random sequences. After the incubation of dsDNAs with homologous ssDNAs, we found that when the invading ssDNAs contained the complementary strands of *c-myc*, the dsDNAs with *c-myc* sequence were obviously exchanged, while the random dsDNAs were only weakly exchanged ([Figure 2](#f2){ref-type="fig"}, left panel). Unexpectedly, when the invading strands contained *c-myc* sequences, the dsDNAs were not exchanged at all ([Figure 2](#f2){ref-type="fig"}, right panel). These results were obtained in sodium phosphate buffer and analyzed by native PAGE. We altered the sodium phosphate buffer to TE (Tris-HCl, EDTA), and the similar SERs were observed ([Figure S1](#s1){ref-type="supplementary-material"}). All the SER samples were incubated in TE buffer instead of sodium phosphate while other conditions were identical. We found that the *c-myc* containing dsDNAs were significantly exchanged, but the random sequences were weakly exchanged.

G-quadruplex formation in duplexes
----------------------------------

We proposed that this new SER was triggered by the G-quadruplex formation in duplex DNA ([Figure 1A](#f1){ref-type="fig"}). *C-myc* and the complementary sequence kept dynamic equilibrium between G-quadruplex and double strand, but the dsDNA was predominant. The *c-myc* containing dsDNA was simultaneously exchanged by the homologous ssDNA as soon as the formation of G-quadruplex.

The CD spectrum of *c-myc* and *mu-c-myc* sequences (24 nt single strands) was recorded in the presence of KCl ([Figure S2](#s1){ref-type="supplementary-material"}), both of them presented a positive peak at around 260 nm and a negative peak at around 240 nm, indicated the formation of G-quadruplex[@b21]. In [Figure S3](#s1){ref-type="supplementary-material"} and [Figure S4](#s1){ref-type="supplementary-material"}, the CD spectra of dsDNAs containing *c-myc* and *mu-c-myc* sequences, and the random dsDNAs were recorded. It showed significant difference between the random sequences and the *c-myc* sequences. Then the CD curves of the latter were subtracted by the former, series CD spectra were obtained with a positive peak at around 260 nm and a negative peak at around 230 nm. They were similar to that of G-quadruplex formed by *c-myc* ssDNAs. These CD data might indicate the formation of transient G-quadruplex in dsDNAs.

To further confirm the formation of G-quadruplex in double stranded DNA, we employed the native PAGE containing 40% PEG200 to identify G-quadruplex ([Figure 3](#f3){ref-type="fig"}). The dsDNAs containing random sequences and *c-myc* (2*c-myc*) sequences were Cy5 labeled and incubated in 40% PEG200 buffer. PEG200 created molecular crowding environment in the buffer, and the molecular crowding was en essential factor for the formation of stable G-quadruplex in dsDNAs, since the transient G-quadruplex was not stable and quickly dissociated in normal buffer[@b22]. In the results, 24 bp, 48 bp and 72 bp, there were only dsDNA bands for random sequences, while there were obvious G-quadruplex bands for the *c-myc* sequences, regardless of the Cy5 labeled on the *c-myc* strands ([Figure 3](#f3){ref-type="fig"}, lane 2) or the complementary strands ([Figure 3](#f3){ref-type="fig"}, lane 3). These results indicated that the transient state G-quadruplex could be formed in normal buffer and stable G-quadruplex could be formed in 40% PEG buffer.

Kenetics of the *c-myc* promoted SERs
-------------------------------------

To further investigate the kinetics of *c-myc* stimulated SERs, we measured the concentrations of SER products along with increased time under the identical incubated condition. The incubation times of the 24 bp and 24 nt, 48 bp and 48 nt, and 72 bp and 72 nt were increased from 0 to 7 hours, 33 hours, and 72 hours at 37°C, respectively. Then, native PAGE was employed to analyze the SER products ([Figure S5](#s1){ref-type="supplementary-material"}). The bands were integrated to calculate the SER product concentrations based on the dsDNA markers. All of the kinetics experiments were repeated at least 3 times, and the averages were reported ([Figure 4](#f4){ref-type="fig"}). The product concentrations were gradually increased along with the time increase about the *c-myc* containing sequences, while the random sequences were hardly exchanged. The difference of the SER product concentrations and the SER rate between the *c-myc* sequences and the random sequences showed a manner of strand length dependent. The probability of the formation of secondary structures for random sequence ssDNAs which could hinder the strand exchange rate was excluded. The Tm results for all the random ssDNAs showed no obvious values and were flat ([Figure S6](#s1){ref-type="supplementary-material"}). And the denaturing PAGE gel was employed to analyze the mobility of the Cy5 labeled complementary single stranded DNAs ([Figure S7](#s1){ref-type="supplementary-material"}). The differences between the ssDNAs with the same lengths were observed under the denatured condition, similar with the native PAGE gel results.

Tm values of dsDNAs
-------------------

To confirm the conformational switching between duplex and G-quadruplex leading to the specific strand exchange, we excluded the decreased stability of dsDNAs containing *c-myc*. We tested the Tm values of each duplex at 200 mM KCl and 20 mM Na~2~HPO~4~/NaH~2~PO~4~ (pH 7.4). The Tm for: random 24 bp, Tm = 74.5°C; *c-myc* 24 bp, Tm = 75.5°C; random 48 bp, Tm = 78.5°C, *c-myc* 48 bp, Tm = 83.3°C; random 72 bp, Tm = 80.7°C, *c-myc* 72 bp, Tm = 86.2°C ([Figure S8](#s1){ref-type="supplementary-material"}). These results indicated that the double strands with *c-myc* were even more stable then strands with the random sequence; this additional stability was produced by the G-rich *c-myc* sequence in the presence of the C-rich complementary strands. This indicated that the specific SERs were not caused by unstable dsDNAs.

Considering the Tm values of dsDNAs might be too high to evaluate correctly, we used low salt concentration buffer to perform the melting experiments. All the dsDNAs and SER samples including random sequences, *c-myc* sequences, *mu-c-myc* sequences, *mis-c-myc* sequences and 2*c-myc* sequence were buffered by 20 mM KCl, 20 mM NaCl and 20 mM TE, pH 7.4. The normalized UV-melting experiments were carried out ([Figure S9](#s1){ref-type="supplementary-material"}) and the Tm values were obtained ([Table 1](#t1){ref-type="table"}). At low salt conditions, the Tm values of *c-myc* sequences were still higher than that of random sequences. The Tm values of SER samples (dsDNAs added exchanged ssDNAs) were the similar with the dsDNAs, and the Tm values of *mu-c-myc* sequences were the similar with that of *c-myc* sequences. 2*c-myc* 72 bp Tm was much higher than *c-myc* 72 bp. While the Tm values decreased much when there was 1 mismatch in the dsDNAs (*mis-c-myc* sequences).

The various SERs
----------------

The main SER expriments were performed in the buffer of 200 mM KCl and 20 mM Na~2~HPO~4~/NaH~2~PO~4~ (pH 7.4). To investigated the effect of monovalent cations and crowding agents on the *c-myc* promoted SERs, series of SERs were carried out at only 5 mM TE, 5 mM Li^+^, 5 mM Na^+^, 5 mM K^+^, 5 mM K^+^ in 40% PEG200 (crowding agent), the incubation time and temperature were the same to the main SERs ([Figure 5A](#f5){ref-type="fig"}). And the SER product concentrations were presented as histograms ([Figure 5B, C, D](#f5){ref-type="fig"}). We found that the monovalent cations and the PEG200 significantly affected the SERs. In the *c-myc* sequences, only TE buffer, 5 mM Li^+^ and 5 mM Na^+^ had little effect on the SERs, while 5 mM K^+^ significantly promoted the SERs. When the SER buffer contained 5 mM K^+^ and 40% PEG200, both the *c-myc* sequences and random sequences were obviously exchanged.

The main SERs were performed with single *c-myc*, double *c-myc* (2*c-myc* 72 bp, 72 nt) was used as a control ([Figure S10](#s1){ref-type="supplementary-material"} A). This SER was carried out at 200 mM KCl, 20 mM sodium phosphate, pH 7.4, incubated at 37°C for 60 h. The histogram ([Figure S10](#s1){ref-type="supplementary-material"} B) indicated that both single and double *c-myc* significantly promoted the SERs, and the efficiency of double *c-myc* was a little higher than that of single *c-myc*.

Another control experiment was performed by single base mutation in *c-myc* (*mu-c-myc*, [Table S1](#s1){ref-type="supplementary-material"}). Although one of the G bases in *c-myc* was mutated into A, the *mu-c-myc* single-stranded DNA formed a G-quadruplex, similar to *c-myc* under the condition of 200 mM KCl and 20 mM Na~2~HPO~4~/NaH~2~PO~4~ (pH 7.4). After incubation with homologous ssDNAs, the *mu-c-myc*-containing dsDNAs presented a similar stimulation of strand exchange with the *c-myc* sequence ([Figure S11](#s1){ref-type="supplementary-material"}). The *c-myc*-promoted SERs were compared with another type of strand exchange, which was caused by single base mismatch ([Figure S12](#s1){ref-type="supplementary-material"}). We used the strands containing the single-base-mutation (*mu-c-myc*) sequence to pair with the normal complementary strands and then determined whether the mis-dsDNAs were exchanged with Cy5-labeled strands containing the complementary strand of *mu-c-myc*. Interestingly, the *c-myc*-promoted SERs were as efficient as the SERs involving the single-base-mismatch.

The possibility of the dissociation of double strands caused by the *c-myc* sequence was also excluded, by using circular dichroism (CD) to monitor the dsDNA signals ([Figure S3, Figure S4](#s1){ref-type="supplementary-material"}). The CD spectra demonstrated that both the duplex with or without *c-myc* sequence existed as whole and stable double strands. Similar results were observed via PAGE. As shown in lane 3 and lane 4 of [Figure 2](#f2){ref-type="fig"}, both were stable double strands, without any dissociation. The dsDNAs including *c-myc* sequences and random sequences were both in duplex DNA formation ([Figure S13](#s1){ref-type="supplementary-material"}). The random dsDNAs and *c-myc* dsDNAs were analyzed by native PAGE and stained by EB with DNA markers. Both bands were the same with the same bp, indicating that the random dsDNAs and *c-myc* dsDNAs were in duplex formation.

RecA mediated SERs
------------------

RecA mediated SERs of the *c-myc* containing sequences and the random sequences were performed as the contrast of the conformational switching promoted SERs, since RecA was reported to stimulate the SERs[@b23]. The SERs were carried out in 1X RecA reaction buffer, 70 mM Tris-HCl, 10 mM MgCl~2~, 5 mM DTT, pH 7.5. And 3 mM ATP was added as the energy supply, because the release of the heteroduplex from the protein-DNA complexes needed ATP[@b24]. The RecA stimulated SERs presented no obvious DNA sequence selectivity, as described previously ([Figure 6A](#f6){ref-type="fig"}). Both the *c-myc* containing sequences and the random sequences were significantly exchanged in the presence of RecA protein. From the gel results and the histogram ([Figure 6B](#f6){ref-type="fig"}), we found that the SERs were promoted by both protein and DNA conformational switching. The product bands showed little difference between the dsDNAs with and without *c-myc* sequence. And the protein mediated SER product concentration decreased with the increase of DNA strand length. The RecA mediated SERs in the absence of ATP were carried out as the contrast, all the SER conditions were the same except the addition of ATP ([Figure S14](#s1){ref-type="supplementary-material"}). As a result, no SER product was observed in the contrast.

Discussion
==========

As shown in [Figure 2](#f2){ref-type="fig"} and [Figure S11](#s1){ref-type="supplementary-material"}, the SERs between the dsDNAs and Cy5-labeled ssDNAs of *c-myc* (*mu-c-myc*) and random sequence containing DNAs showed significant differences under identical incubation conditions. The *c-myc* sequence effectively promoted the SERs compared with the random sequence. These SERs occurred spontaneously without the catalysis of recombination proteins, although the 72 bp duplex was much stable during the incubation process. Both the dsDNA markers with and without *c-myc* sequence maintained duplexes under the incubated condition and the duplexes were more stable than G-quadruplexes. Considering the dynamic equilibrium between the duplex and G-quadruplex, this dynamic process was most likely a response to the specific SERs. This is the first observation of DNA strand exchange promoted by conformational switching between duplex and G-quadruplex.

*C-myc* was G-rich sequence that potentially formed into G-quadruplex in presence of the complementary strand, even in long double stranded DNA ([Figure 1](#f1){ref-type="fig"}). The G-quadruplex formed in duplexes was in transient state, not stable and quickly converted into duplexes. The complementary strand of *c-myc* was in loop when the transient G-quadruplex was formed. Then the homologous ssDNA was exchanged simultaneously to afford the SER product. Although the transient G-quadruplex in duplex was difficult to be observed, it could be fixed into stable structure in the molecular crowding buffer, and then be distinguished from duplexes in PAGE analysis.

The concentrations of SER products showed time-dependent patterns in the kenetics results. The concentrations of the SER products demonstrated exponential growth with increased time, consistent with a previous report[@b25]. These results showed obvious differences between the sequences containing *c-myc* and random base pairs with the same oligonucleotide lengths. The random 24 bp and 24 nt also showed a certain amount of exchange, which could have been achieved through the sequential displacement pathway stimulated by incubation temperature[@b26]. However, the 24 bp duplex containing *c-myc* showed much higher exchange efficiency. The SER products of 48 bp and 48 nt, 72 bp and 72 nt showed high specificity with or without the *c-myc* sequence. Considering the random sequences might be formed into secondary structures, a denaturing PAGE gel of the complementary strands (ssDNAs) was carried out. The mobility of the ssDNAs in denaturing gel was very similar to that of native gel, indicating the different mobility of the same strand length might be correlated with DNA sequences. The insertion of the *c-myc* sequence into dsDNAs significantly promoted the homologous ssDNA exchange, while the exchange of dsDNA with random sequence was near zero. But in toehold and poly-cations stimulation strategy, it was hard to control the specificity and these protocols were usually used in short oligonucleotides.

The Tm values of *c-myc* containing sequences were higher than random sequences resulted from the much higher content of GC base pairs of the former. But this more stable dsDNAs were even more facile to be exchanged than random sequences. The CD spectra demonstrated both the *c-myc* containing and random sequences were double-stranded DNAs without any dissociation. The displaced single-stranded DNAs were identical to the homologous DNAs, so the *c-myc* promoted SER products were the same to the reactant DNAs. The whole SER processes were at equilibrium state and no ATP was needed. This SER was carried out at physiological temperature (37°C) and achieved a high sequence specificity compared with the toehold strategy and the protein mediated SERs.

Various monovalent cations were used in the buffers to carry out the *c-myc* promoted SERs, the results indicated that the cations significantly affected the SER efficiency. *C-myc* sequence was not able to form stable G-quadruplex in only TE buffer, Li^+^ buffer or Na^+^ buffer, while K^+^ ion increased the stability of G-quadruplex. Then the SER product concentrations in K^+^ buffer were much higher than that of the other ions. These also verified the G-quadruplex formation induced by K^+^ in duplexes. PEG200 was used as the crowding agent, it raised the SER product concentrations of both the *c-myc* sequences and random sequences, since the crowding agents significantly decreased the stability of all duplexes ([Figure S15](#s1){ref-type="supplementary-material"})[@b22]. The Tm values of the dsDNAs obtained in the buffer containing 40% PEG200 showed dramatic decrease compared with the results in [Figure S9](#s1){ref-type="supplementary-material"}. And this decreased stability of duplexes led to the significant strand exchange of random sequences.

Double *c-myc* was used as a control of the SER, but the SER product concentration was increased only a little. These indicated that the SER was affected by the stability of G-quadruplex rather then other factors. The SERs promoted by *c-myc* and *mu-c-myc* were very similar because they possessed the similar ability to form G-quadruplex, and both the duplex Tm values were the same. But when the *mu-c-myc* duplexes contained a mismatch in the strands (*mis-c-myc*), the SER efficiency was much higher than the *c-myc* sequences. This SER was promoted by the instability of duplexes resulted from the unpaired bases. The possibility of SER process via triplex formation was also excluded. The Tm values of SER samples (dsDNAs + ssDNAs) were compared with the duplexes (dsDNAs), and the results were almost the same ([Table 1](#t1){ref-type="table"}, [Figure S9](#s1){ref-type="supplementary-material"}). If the triplex DNAs were formed in the SER process, the Tm values of SER samples would be increased. Moreover, no triplex DNA was observed in all the PAGE expriments, indicated that the SER process was not via triplex formation[@b27].

The RecA protein was able to bind any single stranded DNA, regardless of sequence identity, and then pair with the homologous dsDNA to generate heteroduplexes. In this process, the release of RecA from the heteroduplex product required ATP hydrolysis[@b28]. A contrast was performed in the absence of ATP and no SER product was observed, demonstrating the energy requirement in protein mediated SERs. These protein-mediated SERs required energy input. In contrast, the SERs promoted only by equilibrious conformational switching showed high DNA sequence specificity, and this exchange could occur spontaneously without ATP. These results indicated that the SERs promoted by *c-myc* were both highly specific and highly efficient and that the SERs were stimulated by a DNA conformational switch.

The present study demonstrated a new DNA strand exchange reaction promoted by *c-myc* sequence through DNA conformational switching. The SER was enzyme-free and equilibrium state. No recombinase or ATP was needed for this SER, and the displaced strands were identical to the homologous strands. The *c-myc*-promoted strand exchange was highly specific and at physiological temperature compared with protein mediated SERs and toehold strategy. This is another new feature of G-quadruplex. Finally, this DNA conformational switching stimulated SER might be a nature process *in vivo* and biological significance.

Methods
=======

Nucleic acids
-------------

33 oligonucleotides were designed, including 15 with *c-myc* sequence, 9 with *mu-c-myc* sequence and 9 with random sequences. The sequences of oligonucleotides were presented in [Table S1](#s1){ref-type="supplementary-material"}. Lengths of the oligonucleotides were 24 nt, 48 nt, 72 nt; the 24 nt was the core region of 48 nt and 72 nt, and the rest parts of them were the same random sequences. Every oligonucleotide with *c-myc* sequence had the relative random sequence as the contrast. The displaced single-stranded DNAs were Cy5 labeled or label free. The Cy5 labeled oligonucleotides were purchased from TaKaRa (Dalian) and the label free oligonucleotides were purchased from Invitrogen (Shanghai).

Preparation of SERs samples
---------------------------

Every oligonucleotide was quantified by measuring the UV absorbance at 260 nm. 1 M LiCl, 1 M NaCl, 1 M KCl, 1 M TE (Tris-HCl, EDTA, pH 7.4) and 1 M Na~2~HPO~4~/NaH~2~PO~4~ (pH 7.4) were used as the storage buffer solutions. In the label-free double-stranded DNAs, the complementary strands of the *c-myc* containing strands and random strands were 20% excess (1.2 N), when the invading strands (Cy5 labeled ssDNAs) contained the complementary strands of *c-myc*; while the *c-myc* containing strands were 20% excess (1.2 N) when the invading strands (Cy5 labeled ssDNAs) contained the *c-myc* sequence. The Cy5-labeled dsDNAs markers were 20% excess (1.2 N) strands with or without *c-myc* paired with their Cy5-labeled complementary strands. DNAs were annealed at 95°C for 5 min, and then slowly cooled to room temperature over 5 hours, buffered by 20 mM Na~2~HPO~4~/NaH~2~PO~4~ or 20 mM TE (pH 7.4).

CD spectra and Tm values
------------------------

The CD spectra and melting temperature (Tm) measurements of dsDNAs and ssDNAs were taken by Chirascan CD Spectrometer (Applied Photophysics). DNA samples were buffered by 200 mM KCl, 20 mM Na~2~HPO~4~/NaH~2~PO~4~ (pH 7.4); 20 mM KCl, 20 mM NaCl, 20 mM TE, pH 7.4. The CD spectra and Tm values of 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were recorded at 5 μM, 2 μM, 2 μM, respectively. Each dsDNA and ssDNA was melted with the temperature increasing, and the UV datas were recorded at 260 nm.

SER processes
-------------

Each dsDNA (label free) was adjusted to 20 μM and the related ssDNA (Cy5 labeled) was added at the same concentration. In the buffer of 200 mM KCl, 20 mM Na~2~HPO~4~/NaH~2~PO~4~ (pH 7.4), the incubation was carried out at 37°C with variety time. The incubation times of 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were gradiently increased from 0 to 7 h, 33 h, 72 h, respectively, with the increments of 1 h, 3 h, 3 h. In the buffer of 200 mM KCl, 20 mM TE (pH 7.4), the incubation times of 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were 3 h, 30 h, 60 h, respectively. After that, the SERs were stopped by cooling to 4°C, and then the samples were added bromophenol blue as loading buffer. 20% PAGE gel was employed to electrophoresed the samples at 70 V voltage for 8 h. The SERs products were scanned and integrated by Pharos FX Molecular Imager (Bio-Rad). All those gels were scanned with fluorescent detector except the gel stained by EB in [Figure S13](#s1){ref-type="supplementary-material"}. And all the SERs product concentrations were calculated based on the dsDNA markers (20 μM).

Various SERs
------------

The main SERs were the invading ssDNAs (Cy5 labeled ssDNAs) containing the complementary strands of *c-myc*, while the SERs in which the invading ssDNAs containing the *c-myc* (G4) sequence were also performed under the same conditions. The G-quadruplex formation in duplex DNA was analyzed by native PAGE containing 40% PEG200. The Cy5 labeled dsDNAs 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were adjusted to 20 μM, buffered by 200 mM KCl, 20 mM soudium phosphate, 40% PEG200, pH 7.4, incubated for 3 h, 30 h, 60 h, respectively. Then PAGE containing 40% PEG200 was employed to analyze the DNA samples at 70 V voltage for 15 h.

The mutated *c-myc* (*mu-c-myc*) promoted SERs and mismatch *c-myc* (*mis-c-myc*) induced SERs were all carried out at the same conditions as the main SERs. The 2*c-myc* sequence (72 nt) contained two *c-myc* sequence that could potentially form two G4 in the duplex DNA, leading to the SER of the complementary strand. This SER was performed at 20 μM dsDNA and 20 μM, in the buffer of 200 mM KCl, 20 mM soudium phosphate, pH 7.4. The samples were incubated at 37°C for 60 hours.

The series of SERs in various monovalent cations (5 mM TE, 5 mM Li^+^, 5 mM Na^+^, 5 mM K^+^, 5 mM K^+^ in 40% PEG200) were performed under the condition of 5 mM TE, pH 7.4. The incubation times form 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were 3 h, 30 h, 60 h, respectively. Every SER samples were performed at least 3 times and the average values were obtained.

Protein mediated SER
--------------------

RecA protein was purchased from New England Biolabs (Lot: 0011202). The RecA mediated SERs were performed at 10 μM dsDNAs, 10 μM ssDNAs and 5 μM RecA, in the buffer containing 70 mM Tris-HCl, 10 mM MgCl~2~, 5 mM DTT, pH 7.5. 3 mM ATP was added as the energy supply. RecA was incubated with ssDNAs for 10 min, and then the homologous dsDNAs were added for further 10 min incubation at 37°C. The SERs were stopped by addition of 5% SDS and 100 mM EDTA. 5× bromophenol blue was used as loading buffer, then samples were analysed by 12% PAGE gel at 70 V voltage for 8 h. The control experiment of RecA mediated SERs was carried out at the same condition in the absence of ATP. And the results were analyzed by Pharos FX Molecular Imager (Bio-Rad).

Author Contributions
====================

Z.G.W. and X.Z. designed experiments and wrote the manuscript; Z.G.W. carried out most experiments. All authors discussed the results.

Supplementary Material {#s1}
======================

###### Supplementary Information

Supplementary Information

The authors thank the National Basic Research Program of China (973 Program)(2012CB720600, 2012CB720603), the National Science of Foundation of China (No. 91213302, 30973605), the National Grand Program on Key Infectious Disease (2012ZX10003002-014). Supported by Program for Changjiang Scholars and Innovative Research Team in University (IRT1030).

![The SERs between dsDNA (label-free) and ssDNA (Cy5-labeled) in the presence of *c-myc* (A) and in the absence of *c-myc* (B).\
The *c-myc* sequence is colored by green with its complementary strand, while the random sequence is colored by yellow. The blue indicates the same additional sequences for both A and B. The complementary strands (ssDNAs) are labeled by Cy5 at 5′ ends. The Cy5 labeled complementary strand of *c-myc* sequence is identical to the replaced single strand. The green cube indicates the G-quadruplex.](srep01121-f1){#f1}

![The SERs between dsDNAs and the homologous ssDNAs.\
In left panel, the invading strands contain the complementary strand of *c-myc*. Lane 1: SERs of the random sequences; lane 2: SERs of the *c-myc* containing sequences; lane 3: dsDNAs without *c-myc*; lane 4: dsDNAs with *c-myc*; lane 5: ssDNAs without *c-myc*; lane 6: ssDNAs with *c-myc*-com. In right panel, the invading strands contain the *c-myc* sequence. Lane 1: SERs of the random sequences; lane 2: SERs of the *c-myc* containing sequences; lane 3: dsDNAs without *c-myc*; lane 4: dsDNAs with *c-myc*; lane 5: ssDNAs without *c-myc*; lane 6: ssDNAs with *c-myc*. All the SERs were performed at 20 μM dsDNA and 20 μM ssDNA, in the solution containing 200 mM KCl, 20 mM sodium phosphate buffer, pH 7.4. And the incubation times for 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were 3 hours, 30 hours, 60 hours, respectively. The SERs systems were maintained at 37°C.](srep01121-f2){#f2}

![The native PAGE analysis of G-quadruplex formation in Cy5 labeled double stranded DNAs.\
Lane 1: dsDNAs of random sequences; lane 2: dsDNAs containing Cy5 labeled *c-myc* complementary strands; lane 3: dsDNAs containing Cy5 labeled *c-myc* strands; lane 4: ssDNAs of random sequences; lane 5: ssDNAs of *c-myc* complementary strands; lane 6: ssDNAs of *c-myc* strands. 20% PAGE was employed with the addition of 40% PEG200 (v/v), all the samples were incubated in 200 mM KCl, 20 mM sodium phosphate buffer, pH 7.4. And the incubation times for 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt were 3 h, 30 h, 60 h, respectively. The incubation temperature was 37°C. The G-quadruplexes formed in duplexes were labeled by red panes.](srep01121-f3){#f3}

![The kenetics results of the SERs extracted from the PAGE gel electrophoresis.\
All the SER samples were adjusted to 20 μM dsDNA and 20 μM ssDNA, buffered by 200 mM KCl, 20 mM sodium phosphate, pH 7.4, and the systems were maintained at 37°C. The incubation times of 24 bp and 24 nt (A), 48 bp and 48 nt (B), 72 bp and 72 nt (C) were gradiently increased from 0 to 7 h, 33 h, 72 h, with the increments of 1 h, 3 h, 3 h, respectively. And the SERs product concentrations were recorded versus time increasing, based on DNA markers.](srep01121-f4){#f4}

![The SERs performed in various conditions.\
(A) The native PAGE analysis of the sequences with or without *c-myc*; lane 1: SERs of random sequences, lane 2: SERs of *c-myc* sequences, both under the condition of 5 mM TE; lane 3: SERs of random sequences, lane 4: SERs of *c-myc* sequences, both under the condition of 5 mM TE, 5 mM Li^+^; lane 5: SERs of random sequences, lane 6: SERs of *c-myc* sequences, both under the condition of 5 mM TE, 5 mM Na^+^; lane 7: SERs of random sequences, lane 8: SERs of *c-myc* sequences, both under the condition of 5 mM TE, 5 mM K^+^; lane 9: SERs of random sequences, lane 10: SERs of *c-myc* sequences, both under the condition of 5 mM TE, 5 mM K^+^ and 40% PEG200; lane 11: dsDANs markers of random sequences, lane 12: dsDNAs markers of *c-myc* sequences, both under the condition of 5 mM TE. All the samples pH were 7.4, the SERs times were 3 h, 30 h, 60 h for 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt, respectively. And the system temperature was maintained at 37°C. (B), (C), (D) The histograms of the SERs product concentrations of 24 bp and 24 nt, 48 bp and 48 nt, 72 bp and 72 nt, respectively.](srep01121-f5){#f5}

![(A) The SERs between dsDNAs and Cy5-labeled ssDNAs mediated by Rec A. Lane 1: random 24 bp, nt; lane 2: *c-myc* 24 bp, nt; lane 3: random 48 bp, nt; lane 4: *c-myc* 48 bp, nt; lane 5: random 72 bp, nt; lane 6: *c-myc* 72 bp, nt. (B) The histogram of protein mediated SERs product concentrations extracted from PAGE results.](srep01121-f6){#f6}

###### The Tm values of dsDNAs and ssDNAs under low salt conditions

  DNAs                       24 bp, nt (°C)   48 bp, nt (°C)   72 bp, nt (°C)
  ------------------------- ---------------- ---------------- ----------------
  random dsDNAs                   68.5             73.0             75.0
  random dsDNAs + ssDNAs          68.2             72.6             74.9
  *c-myc* dsDNAs                  72.8             78.7             78.3
  *c-myc* dsDNAs + ssDNAs         72.3             78.1             77.7
  *mu-c-myc* dsDNAs               72.7             77.9             78.0
  *mis-c-myc* dsDNAs              67.1             75.2             76.5
  2*c-myc* dsDNAs                                                   83.2

The Tm values were obtained at 20 mM KCl, 20 mM NaCl, 20 mM TE, pH 7.4. *mu*: mutated; *mis*: mismatch.
